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SUMMARY 

An improved air-cooled  turbine  blade is described,  stress-analyzed, 
and evaluated in a full-scale turbojet  engine. The construction  consists 
of a sheet-metal  outer  shell and an in te rna l  strut of p a r t i a l  blade 
length.  Corrugated  sheet metal comprises the augmented cooling  surface 
which is  brazed between the strut and the  outer -shell. The .effect  on 
blade  rupture l i f e  of varying outer-shell  thickness, strut length,  blade 
temperature  distribution, and corrugation  pitch and amplitude is pre- 
sented  graphically. 

Blades fabricated i n  accordance w i t h  the  design  walysis were run 
at a turbine-inlet  gas  temperature of 1660' F and a t i p  speed of 1300 
feet per second f o r  Loo hours wi th  3.5-percent  coolant  flow. The same 
blades were then run f o r  25 hours  with no coolairt flow under the stme 
engine  conditions  without failure . 

INTRODUCTION 

The des i r ab i l i t y  of increasing  the  turbine-inlet  gas  temperature 
has long been known. The strength  l imitat ions of even the bes t  heat- 
r e s i s t an t  materials, however, make  some form of added cooling for   turbine 
blades  very  advantageous.  Considerable  research  has  been conducted on a 
w i d e  var ie ty  of  cooled  turbine blade types. Most of this work has  been 
summarized in references 1 and 2. 

* In the  design  of  cooled blades several  requirements must be ful- 
f i l led i n  order  to  obtain a good configuration.  In approximate order  of 
.importance, these  requirements  for  aLrcraft  powerplants  are: ' (1) ade- 
qiiate  cooling  with @ . m i n i m u m  of coolant  flow, (2) mechanical durabili ty,  
(3) light weight, (4) a favorable chordwise and- spanwise  temperature 
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d i s t r ibu t ion   i n  the blade, (5) ease of fabrication, and (6) low pressure 
drop  through. the coolant passages. The designer must devise the best  I.... 
arrangement- of  the  blade components to   obtain ti good  compromise among 
these  requirements. 

. . 

In general,  convection-type  air-cooled blades -can be divided  into 
three main categories: (1) Shell-supported  blades i n  which the main 
load-carrying member i s  the outside  blade  .shell  (refs. 3 and 41, 
(2)  strut-supported  blades  in which the main load-carrying member i s  a 
s t r u t  that is submerged i n  the cooling m e d i u m  ( re fs .  5 t o  7 ) ,  and (3) per- 
forated blades i n  which an essent ia l ly   so l id   a i r fo i l  i s  dr i l led ,  cored, 
or  extruded  to form spanwise  coolant  passages (ref .  8). Generally, of 
the three main blade  types, the shell-supported  blades =-e the   l ightest  
weight. The strut blades are b-est  cooled  but  heavier artd- higher 
stressed, and the perforated  blades .&e most. ea&.y.fabricated. However, 
the l a t t e r  are considerably  heavier and require  appreciably more cooling 
air. 

It seems reasonable that a combination strut- and shell-supported 
blade might u t i l i ze   the   be t te r   charac te r i s t ics  of each  type. A dis-  
advantage of most shell-supported  blades l s  the high  braze  strength  re- 
qu i red   in   the . jo in t  between the she l l  m d  the  mechanical-root-attach- . .  

ment. The combination blade  ca5overcome this disadvantage by brazing 
the shell t o  a   short   s t rut  which provides ample braze  area and r e su l t s  
i n  low shear   s t resses   in  the bra2.e material.  -The weight &d higher  base 
stresses  of  the  strut-type  blade can be  reduced by terminating  the s t rut  
where the  outer shell needs no additional  support. This report  presents 
the  s t ress   analysis  and engine  evaluation of such a blade  design. 

EFFECT OF BLADE PROPORTIONS ON BLADE R u m  LIFE 

Stress   Distr ibut ion  in   made 

The blade was deaigned t o  meet the following operational  require- 
- ” 

ments: maximum t i p  speed, I300 feet per second; t i p  diameter, 26 inches; 
and-airfoi l   length,  4 inches. The blade construction is shown in  f igure8 

’ 1 and 2. The outer   shel l  is self-supporting  to the point where centri-  
fuga l   s t resses   in  the s h e l l  approach the highest Sermissible  level. From 
there toward the  base,  the  loads  in the s h e l l  are t ransferred  to  an in- 
ternal strut which is completely  bathed i n  caallng a i r .  For cooling sur- 
face augmentation,  corrugated  sheet auch as  described in reference 4 is 
brazed between the shell  ana strut. 

. -. 

In  designing  the blade the first thing  to  be  determined is  the 
effect  of s t rut   length on the   s t ress  at the c r i t i ca l   po in ts  i n  the blade. 
One c r i t i ca l   po in t  would be the she l l   s t r e s s  at the end of the in te rna l  
s t ru t .  The other would be i n  the s t r u t   a t   o r  ne& the base of the 

. 
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airfoil. An analysis  was  made  fulfilling  the  above  requirements,  and 
the  results  are  shown  in  figure 3. The  centrifugal  stresses  at  the  two 
critical  points  are  plotted  against  strut  length  from  the  airfoil  base. 
The  curve  with  the  negative  slope  indicates  the  centrifugal.  stress in 
the  shell  material  at  the  end of the  strut.  When  the  strut  length  is 
zero,  the  blade  is  shell-supported,  and  the  stress  at  the  base  of  the 
untapered  shell  is 53,300 pounds per square  inch.  The  shell  stress  is 
independent  of  the  thickness  of  the  outside shell material,  and  the  same 
curve  very  closely  gives  the  stress  distribution  for the corrugations, 
the  inner  sheet-metal  island,  and any other  untapered pat of  the  blade 
regardless of the  shape of the  airfoil  profile. 

The  family of curves  with  the  positive  slope in figure 3 determines 
the  stress  at  the  base  of  the  strut  for  various  shell  thiclmesses  and 
strut  lengths. In order  to  establish  these  curves a number of items  had 
to be selected  arbitrarily.  First,  the  blade  cross-sectional  profile at 
various  spanwise  stations  had to be chosen.  For  this  case,  to  retain 
proper  turbine-compressor  matching,  the  base  cross-sectional  profile  of a 
standard  solid  metal  blade w a s  used for the  cooled-blade  design.  The 
tip  cross  section had-to  be  increased  in  area to allow  the  cooling air 
to  escape  from__the  end  of  the  shell.  Straight-line  elements  were  used 
between  the  tip  and  the  base to ease  fabrication  of  the  cooling  corruga- 
tions.  The  corrugations  were  designed  with  both an amplitude and pitch 
of 0.050 inch  and a thickness of 0.005 inch.  Calculations  using  refer- 
ence 9 show  this  configuration to be very  effective for blade  cooling. 
The  inner  sheet-metal  island only confines  the  cooling air close  to  the 
outer  shell  where  it  is  needed. A thickness  of 0.007 inch w a s  judged 
adequate  for  this  purpose.  The  effect  of  varying  the  thickness  of  the 
outer  shell  and  varying  the  pitch and amplitude of the  corrugations 
will be analyzed  and  discussed  later in the  report. 

Determination of Optimum  Strut  Length 

The  best  strut  length  cannot be determined  from  the  stress  distri- 
bution  in  figure 3 alone. The  optimum  length  is,highly  dependent on the 
temperature  distribution  along  the  span  of  the  blade.  Actual  measure- 
ments of temperature  .distribution  had  not  been  completed,  and,  therefore, 
in  order  to  continue  the  analysis  the  temperature  profile shown in  figure 
4 was  assumed  which is based on past  experience  with  cooled  blades.  The 
ultimate goal  of the  blade  designed  herein  is to operate  at  appreciably 
higher gas temperatures  than  used  in  conventional  jet  engines  today  and, 
under  these  conditions to cool the  blades  to  bring  the  metal  tempera- 
tures  down  to  the  same  range  as in the,  solid  uncooled  blades. 

The  variations  of  the  strut,  and  shell  material  rupture  properties  as 
obtained  from  the  general  literature  for  different  temperatures  are'  shown 
in  figure 5. For the  strut  material (S-816), a band  of  data  points was 
found,  but  the  minimum  strength  properties  were  used  for  further  analysis. 
By using these stress-rupture data, the assumed  spaswise  temperature 
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profi le  of figure 4, and the  calculated stresses of figure 3, the s t ress-  
rupture  lives  of  both the outer shell and the strut can be-estimated aa 
a function  of  strut  length. The case  for the 0.020-inch-thick she l l  is  
plot ted  in   f igure 6. The intersection of the two curves  gives the opt i -  
mum strut length and the maximum blade W e .  A shorter strut would pro- 
duce failure in   the   ou ter   she l l   in   l ess  time, and, conversely, a longer 
strut w i l l  r esu l t -   in  strut f a i lu re   a l so   i n  less time. In   fact ,   the  
s t ru t   l ength  &s it af fec ts  blade l i f e  is r a the r   c r i t i ca l .  One-half inch 
too long or too  short w i l l  cut the blade l i f e  to one-half i ts  m a x i m u m  
value. 

Effect  of Blade Temperature.Pmfile 
-. 

To-il lustrate  further the importance of spmwise  temperature  dis- 
t r ibu t ion  on maximum blade l ife and optimum strut length,  additional 
analyses were carried  out for several  arbitrary  temperature  profiles. 
The profiles  investigated  are shown i n  figure 7. The originally assumed 
prof i le  was raised and lowered SO0 F. Next, it was sh i f ted  radially  out- 
w a r d  1/2 inch on the blade. I n  the analysis  the  stress-rupture  curves 
for the  blade materiels shown in   f igure  5 were again  used. The ef fec t  
of the temperature changes are  presented i n  figure 8. The curves are 
for a constant  shell  thickness of 0.020 inch. I n  all cases the temper-- 
a tu re   a t  the s t rut   base w a s  assumed to be 1200° F, corresponding t o  the 
value measured i n  most conventfonal  engines.  Therefore, a single  curve 
indicates the  strut l i f e .  The following  values w e r e  interpreted from 
figures 6 and 8: 

Temperature prof i le  M a x i m u m  life, 
hr 

Assumed 

Lowered 50' F 

420 Raised 50' F 

750 

1440 Shifted out 1/2 in .  

15 40 

Optimum strut   length,  
in. 

1.84 

2.19 

1.43 

1.47  

. ", 

I n  an air-cooled blade the temperature level of  the  blade can be 
varied  appreciably by varying the amount and the dis t r ibut ion of the 
cooling air. From figure 8 tmd the  previous  table it can be seen that  
small changes i n  temperature  level. can have pronounced effects on blade 
life -and optimum strut  length.  Raising the temperature 50' F reduced ' 

the l i f e  40 percent  while  lowering it 50' F doubled the   l i fe .   Shi f t ing  
the whole temperature  pattern  radially outward on .the  blade had very 
close t o  the same e f f e c t a s  lowering it. 

L 

." 
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It  is  apparent  from  this  temperature  analysis  that,  in  order to 
accurately  design  the  best  blade  of  the  type  described  herein,  first  the 
spanwise  temperature  profile  must be known for  the  actual amount of 
cooling  airflow  intended in the  particular  amlication. 

Effect  of  Outer-Shell  Thickness 

The  analysis w a s  extended in a similar  manner  to  determine  the 
effect  of  shell  thickness on blade  life  and  optimum  strut  length  (fig. 
9). In this  analysis  the  same  outside  b1ad.e  profile,  corrugation  ampli- 
tude,  pitch,  and  thickness  as  well  as  inner-island  shell  thickness  were . 
maintained  for all outer-shell  thiclmesses.  Increasing  the  outer-shell 
thickness  thus  resulted  in  decreasing  the  strut  cross-sectimal  areas 
and  increasing  the  load  the  strut  must  carry. 

As mentioned  earlier,  shell  stress  is  independent  of  shell  thickness. 
Consequently,  shell  lFfe also is  independent  of  shell  thickness  for a 
given  strut  length.  Therefore,  only  the  single  curve  in  figure 9 is 
needed  to  indicate  the  shell  life  for a l l  shell  thicknesses.  Because 
more  than  one  curve  is  required to show  strut  life and, thus, a different 
optimum  strut  length  (indicated by the  curve  intersections)  occurs  for 
each  shell  thickness, a different  maximum  shell  life  and  blade  life  re- 
sult  for  each  shell  thickness.  Decreasing  the  outer-shell thichess 
appreciably  increased  the  maximum  blade  life  and  increased  the  optimum 
length  of  the  strut. 

The  effect of shell  thickness is shown  better in figure 10 where 
the  shell  thickness  is  plotted  against  the  maximum  blade  lives as estab- 
lished  by  the  intersection  of  strut  and  shell  life  curves of figure 9. 
Halving  the  shell  thickness  from 0.020 to 0.010 inch  would  give  almost 
three  times  the  blade Hfe (740 to 1950 hrs) for  the  assumed  temperature 
conditions  of  this  analysis. Bwever, other  important  factors  must  be 
considered  when  reducing  outer-shell  thickness.  The  reduction  is  seri- 
ously  limited by difficulties in welding  leading  and  trailing  edges  and 
the  lack  of  impact m d  erosion  resistance. A thin  shell, too, is,more 
susceptible  to  vibration  failure. 

Effect  of  Corrugation  Amplitude 

Another  variable  investigated  was  the  effect  of  corrugation  ampli- 
tude  for  various  shell  thicknesses  again  while  maintaining  the  blade  out- 
side  dfmensions  constant. A series  of  graphs  similar  to  figures 6 and 9 
were  computed for various  corrugation  amplitudes.  Then  the  maximum 
blade  lives  were  established  for  the  optimum  strut  lengths,  and  these 
results  are  presented  in  figure ll. Obviously,  the  blade  lives can be 
substantially  increased  by a reduction  in  corrugation  amplitude. Un- 
fortunately,  there  is a practical  limit  to  the  reduction  in  corrugation 

. 
8 
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amplitude dictated by the  decrease in  cooling  efficiency,  increased pres- 
s w e  drop, and the  tendency of foreign matter to  block  the  cooling 
passages. . I -  . .. .-. .. . 

7 --- 

Effect  of  Corrugation  Pitch 

An additional  variable that w a s  investigated w a s  corrugation  pitch 
for a fixed  corrugation  amplitude  of 0.050. inch, .The ef'fect is shown i n  & 
figure 1 2 .  An increase i n  pitch  increases the m a x i m u m  blade l ives   fo r  4 

03 

both the 0.010- and 0.020-inch-thick  shells i n  roughly the same propor- 
t ions.  This increase is  due t o  the  weight o f t h e  corrugations  decreasing 
w i t h  increased  pitch.  Increasing  the-pitch, however, reduces the number 
of apexes tu  be brazed t o  both  the  shell-and the strut,  thereby  increasing 
the  shear stresses i n  the braze as well as reducing  the heat t ransfer  
(ref. 9 ) .  Because of the stringent  requirements and complexity o f b r a z -  

. ing,  100-percent  ,effective shear Kea c.ar)mt .$,e .guwanteed, and, there- 
fore,  an excess in  theoretical   shear area mustbe provided. (For all 
optimum strut   lengths ,  more t h e  ade-quate theore-tical  shear area is pro- 
vided.} A thinner   shel l  can sa fe ly   u t i l i ze  a larger  corrugat-ion  pttch 
than  the thicker shell because  the.centrifugal shell load. and, conse- 
quently, the shear stress are directly  proportional to shell thickness. 

- .  

. .  

.. " - 

Proportions  Selected and Resulting Stresses for T e s t  3lades 

A thickness of  0.020 inch was selected for the  outer shell although 
a 0.010-inch-thick  shell appears. very  promising. Skin erosion, shell ' 

vibrations,  resistance  to  impact by foreign  particles,  and welding of the 
leading and t ra i l i r ig  edges all favored the selection of the 0.020-inch- - 

thick she l l .  By considering the results of figure 6, a strut- length of 
1.792 inch w a s  chosen. To provide the maximum pract ical  amount opaug- 
mented cooling surf ace  for higher temperatures (ref. 9) and to provide 
adequate braze shear area  for  the  heavier shell, the  corrugation ampli- 
tude and pi tch were made t o  the minimum pract ical  value,. 0.050 inch  each. 

The stress dis t r ibut ion along the  blade  span w a s  calculated  for 
these .proportions and is  presented i n  figure 13. Also, the cross- 
sectional areas used i n  the computations along the blade span are in- 
cluded in   t he  figure. A t  the end of the strut . the area w a s  considered 
e q u a l t o  the sum of the areas  of the shel l ,  the corrugations, and the 
s t r u t .  From the end  of the s t r u t  toward the blade base, the  area w a s  
assumed to  diminish  l inear ly   unt i l  at the base only  the-area o F t h e   s t r u t  
was considered  as  carrying the whole blade. 
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A large number of the  cooled blades previously  evaluated at the 
NACA appear t o  have f a i l e d  because of blade  vibrations.  Particular at- 
tention was paid to this f a c t o r   i n  the design of  the  blade strut. The 
strut surface was kept smooth without any f ins ,  grooves, o r  sharp f i l -  
lets which introduce. locdized stress concentrations in   a l t e rna te  bending. 
A very  generous  radius w a s  provided a t  the base of the strut where the 
a i r f o i l  shape w a s  blended  into the mechanical root  fastening. 

The variat ion in stress-rupture l i f e  along the span of the blade 
fo r  the previously assumed spanwise  temperature prof i le   ( f ig .  4 )  is  pre- 
sented i n  figure 14. This figure shows the two points  along the span 
where the blade is l i k e l y  to fail in   s t ress - rupture  d t h  t i m e .  The ac- 
t u a l  times to  failure are not  important  because  they  can  be  readily 
shif ted up o r  down by slight changes in the amount of cooling air used. 

BLADE MATERIALS AND FABRICATIOM 

Because the blade is intended  for  eventual  increased  operating t e m -  
peratures, the most sui table  commercially available  heat-resistant mate- 
rials were used. All the sheet materials which included the outer   shel l ,  
the  corrugations, and the inner shell beyond the strut were made from 
Haynes Alloy No. 25 (L-605). The s t r u t s  were machined from standard S-816 
forged  turbine  blades. The parts were bonded together  ( in a vacuum fur- 
nace)  with a high-temperature  braze composed of 20 percent chromium, 10 
percent  silicon, 1 percent  iron, and the balance  nickel. 

The outer   shel ls  (0.020-in. thick) were formed in halves,  parting 
a t  the leading and t r a i l i n g  edges,  by the stretch-forming  process  to 
avoid  spring-back common w i t h  ordinary  press-forming methods. The cor- 
rugations were pressed one corrugation a t  a time. On a production basis 
t h i s  material, which is only  0 .W-inch thick, can  be eas i ly   ro l l -  
formed. The inner-shell  pieces are cut also i n  halves from 0.007-inch- 
thick  stock. 

I n  assembly, the three pieces forming either the pressure o r  suction 
surfaces were tack-welded together a t  the top end only.  Collodion cement 
was used to help  temporarily  hold  the  inner-shell half to the  corrugation. 
No pr ior  forming w a s  done t o  the  inner shell. It w a s  merely  forced t o  
conform to  the  contour of the outer   shel l .  Braze material in the form 
of p l a s t i c  bonded w i r e  was threaded into each  of the corrugation  passages. 
The three pieces were then clamped i n   d i e s  and pPaced i n  the vacuum fur- 
nace for  brazing. A sof t   f ib rous   re f rac tory  padding material w a s  used 
between the dies and the sheet-metal p a r t s  to assure a un2form pressure 
while  brazing. 

When finished, the a i r fo i l   ha lves  were brazed t o  the st rut ,   again 
using  plastic  braze  wire,   refractory padding,  and clamped dies. The 
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leading and trailing edges were heliarc-welded  without filler rod. The 
sheet-metal  cover  comprising the platform and the a i r   s e a l   f o r  the turbine 
rotor (f ig .  1) w a s  added, and the blade was subjected  to the third  braz- 
ing  cycle. The brazing  cycles  consistea  of-  heating  to 1800° F and hold- 
ing for 10 minutes,  followed by rapid  heattng to 2l3Oo F i n  a vacuum OF 
1 t o  4 microns of mercury and holding  for 15 .minutes. The blades were 
then  rapidly  cooled i n  air. Finally,   the blade t i p s  w e r e  trimmed to 
s i ze  which removes completely the tack-weld points. 

" 

84 
Q, 
4 ENGINE INSTALLATION AND PROCEDURF: 

The cooled blade roots were machined to s l ide   in to  the serrat ions 
of a standard  rotor. Two cooled  blades were mounted diametrically op- 
posed in   the   ro tor ,  and the ends  of the  sheet-metal air seal (f ig .  15) 
were bent-over and welded t o  the fore and aft faces  of  the  rotor. The 
two adjacent  standard  solid  blades were grooved s l igh t ly  under t h e i r  
platforms so as t o  slide over and t igh t ly  seal the sheet-metal  platform 
of each  cooled blade. Cooling air waa  brought to   the  blades through two 
1/2-inch-diameter  tubes welded t o  the rear face of the rotor.  The means 
of   t ransferr ing  a i r  t o  the  revolving  rotor can  be  seen i n  figure 16. 

Air from the  laboratory air supply  system was ducted to the  engine .. 

tai lcone at pressures up t o  90 inches o f  mercury. The  amount of  cooling 
airflow  into  the  engine was measured with o r i f i ce   p l a t e s   i n  supply  lines. 
A large  par t  of this .air, however, leaked by the labyrinth  seal  and .. 

thr-ough the  bal l   bear ing of the  .air t ransferdevice   ( f ig .  16) .  This 
leakage aiLwas approximately measured by  operating the engine at the 
same conditions with the  cooling  tubes  to the blades  blocked. 

. 

The primary  purpose of the engine running w a s  t o  determine the en- 
durance-qual i t ies   o f - the  cooled  blades.  Therefore, no blade  temperature 
or  pressure loss measurements wer.e taken on the engine. On t h e   i n i t i a l  
engine lll~l the speed was raised from id l ing  speed by s m a l l  increments 
un t i l   r a t ed  speed w a a  attained, t h i s  operation.  requiring  about 1/2 hour. 
Subsequent accelerations were normal (5 to. 15 see)   for  this engine. To 
determine i f  mechanisms other  than  stress-rupture would produce blade 
failure, relatively  large  airflows (3.5 t o  4.0 percent of the mass flow 
handled by each blade  in  the turbine) were used to  cool the blades. The 
engine was run .continuously at a rated speed of 11,500 rpm and a turbine-' 
i n l e t  gas  temperature of 1660' F unt i l   the  end of the shiff, o r  m a l f u n c -  
t ion  of  other  parts of the engine  caused shutdown. After accumulating- 
100 hours o F t h i s  type  of  operation, the blades were subjected t-0 an 
additional 25 hours L k h e  engine at the same operating  conditions  with 
the  cooling air closed  orf to  evaluate the stress-rupture  strength of . 

the  blades; The temperature prof i le   for   the  co.nveI?iional so l id  uncool;ed 
blades has  been measured f o r  this engine and i s 'p resented   in . f igure  1 7 .  

" 

- 
- -. 

." 

m 
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The p ro f i l e   fo r  the cooled-type  blade with a l l  cooling air shut  off 
should  be  approximately the same. Using t h i s  temperature  profile, the 
stress-rupture l i f e  along the blade  span w a s  a g d n  determined and is 
shown i n  figure 18. From this figure it i s  obvious that t h e   c r i t i c a l  
point i s  a t  the end of the strut and that stress-rupture  failure,  when 
uncooled,  can be expected in a l i t t l e  over 100 hours. 

The blades were removed from the engine and were checked i n  a bench 
tes t   for   cool ing  a i r f low  dis t r ibut ion and pressure  drop. New blades  of 
identical   design were also checked f o r  f low  character is t ics   for  compari- 
son purposes. 

FESULTS OF ENGINE TESTING 

After approximately 35 hours of engine  running,  cracks were noted 
i n   t h e  f i l l e t  of the sheet-metal  platform where the m e t a l  had been sub- 
jected to  appreciable  plastic  deformation i n  the drawing process. These 
cracks  did  not grow in   l ength  w i t h  continued  operation even  though no 
abtempt was made to   r epa i r   o r   s top  them. Figure  19 is a photograph  of 
the more serious  of  the two cracks after l l 0  burs of running at m a x i m u m  
engine speed. 

After U O  hours  of  operation, the bent-over air sealing strip on 
the   f ront   face of the turbine  rotor began to  rub on the stationary  gas 
baffle. The rubbing  completely  cut  through  the  bent-over  part of the 
sheet-metal platform  of one of the  cooled blades. The inadequately sup- 
ported  bent-over segment tore off  and, i n  passing  through the turbine, 
damaged the   t i p s  of many of the  blades. The  damage t o  the cooled  blades, 
however, did not  appear to be more extensive  than that to the sol ld  
blades  (fig. 20). A new piece w a s  welded t o  the sheet-metal platform 
and f ront   ro tor  face, and the running was continued. 

The cooled blades were st i l l  in  serviceable  condition at the end of 
the complete  running time (f ig .  21) although there was some evidence of 
surface  deformation  of the outer shell corresponding to  the point of 
termination  of the inner strut. This evidence would tend to   con f im  the  
results of the stress computations. In accordance  with figure 18 the 
test  blade when uncooled would be expected t o  f a i l  in 100 hours at the  
point where the surface  dis tor t ion w a s  noted. The deformation w a s  so  
slight that it did not show on a photograph. 

The bench-test check of the airflow showed uniform dis t r ibut ion 
along the chordal  per.iphery a t  the blade t i p .  The comparison  between 
the  new and the engine-tested blades (after 125 h r )  showed very similar 
flow  characterist ics,   indicating  very l i t t l e  i f  any blockage of cooling 
air passages. 
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SUMMARY OF €U?,SULTS 

A design  analysis w a s  made f o r  a new-style  cooled  turbine  blade con- 
s is t ing  of  an outer  sheet-metal shell and an inner-  load-carrying  strut- 
which spans  only  part-of the airfoil  length.  Full-length  corrugated 
cooling surfaces were interposed between the shell and the   s t ru t ,  and 
the unit w a s  assembled  by brazing. The proportions of the blade compo- 
nents were seleoted  in  accordance wFth the results of t h e  computations. 
These blades were subjected t o  endurance-type  operation a t  rated speed IP 

i n  a full-scale  engine. The results o f t h e   a n a l y s i s  and the engine test- CEI 0, 
ing are as follows: 4- 

. .  " 

. .  

1. For the assumed spanwise  temperature prof i le  which was based on , ~.,. 

experience with cooled blades: 
L 

. . . " . - 
" 

(a) The  maximum b1sde"rupture l i f e  was highly dependent on the 
length of the   internal  strut: . L .  

(b)  Variations in  outer-shell   thicknesses  greatly  affected  the 
maximum blade l ife.  Decreasing the shell thickness from 0.020 to 0.010 
inch  theoretically  increased  blade  l ife almost  threefold. 

(c)  Decreasing the amplitude of the  corrugated  finning  pro- 
nouncedly increased  the maximum r u p t u r e l i f e  for blades of t h i s  design 
because  the  strut  area w a s  increased and the  corrugation weight was 
reduced. 

" . . . . . " 

(a) Increasing  the  pitch of the corrugation  also  appreciably 
increased  blade  life-theoretically  because of reduced corrugation  weight. 

2. The  op-tlmum s t r u t l e n g t h   t o  give the mimum blade l i f e  w a s  
highly dependent on the temperature gradient  along the blade  length. - .  

- 

. .. . " 

3. Blades designed in  accordance  with  the analysis endured 125 hours 
at rated speed and temperature i n  the engine  without failure, including 
25 hours  without  cooling  airflow  through .the b.lades. .. . . .  . " 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, May 3, 1957 
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Figure 1. - Cross sections of cooled turbine blade showing condmctim. 



. . ... 

L I 4387 I 

I 

-Y C-43496 

Figure 2. - Exploded view of blade components. 
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Figure 3. - Btresses at cr i t ica l   points  of blade for  various 
shell thicknesses and strut lengths. 
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Figure 4. - Assumed spanwise temperature  profile f o r  cooled 
blade. 
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Figure 6. - Determination of opthum strut length and maximum 
blade stress-rupture lif’e for  assumed temperature  profile and 
0.02-inch-thick  outer shell. 
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Figure 7. - Shifts in assumed taperature distribution. 
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Figure 8. - EPfect of temperature shifts on blade stress-rupture  life end 
optimum  strut  length.  Outer  sheL1, 0.02-inch thick. 
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Figure 9. - Effect of outer-shell.thlckness on optimum s t r u e  
length fo r  aseumed temperature  distribution. 
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Figure 10. - EfYect of outer-shell  thickuesa on maximum blade strese-rupture 
Ufe f o r  aseumed temperature dietribution. 
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Figure 11. - Effect- of amplitude of cooling fin corrugations on blade  stress- 
rupture l i f e  for various shell thicknesses. Corrugation pitch  constant, 
0.05 inch. 
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Figure 12. - =act of pitch of corrugations on blade stress-rupture life for 
various shell thicknesBes. Corrugation amplitude constant, 0.05 inch. 
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Figure 13. - Crosa-sectional area and stress distribution along 
cooled blade span. 

. 



EACA RM E57D29 4 25 
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Figure 14. - Stress-rupture  life along blade  span  for  assumed 
temperature  distribution. 
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Figure 15. - Sheet-metal rim cap. 
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Figure 16. - Cooling a i r  transfer device for engine tests  vith two cooled b l a b s .  
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Figure 17. - Telnperature prof i le  f o r  uncooled  blades under maxi- 
mum engine operating conditlons. 
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Figure 18.'- Stress-rupture  life  along blade span when cooling 
air is shut off  from t e s t  blade. 

29 

4 



30 XACA RM E r n 2 9  

Figure 19.  - Crack i n  sheet-metal  platform  after  operation 
f o r  110 hours a t  rated speed. 
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Figure 20. - Damage t o  blade t ip6 caused by piece of rim cap. 
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Figure 21. - Blade appearance after 125-hour engine run. 
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